Abstract-This paper considers an ideal planar transformer wherein only the electromagnetic parasitics (stray capacitive and leakage inductance) arising out of the transformer geometry are taken into account, assuming lossless conditions. A suitable electrically equivalent circuit model for the planar transformer is used to analyze its frequency and power transfer characteristics; this model was validated by a three dimensional electromagnetic simulation of the planar transformer structure in FEKO electromagnetic simulation software. The effect of dielectric thickness on the bandwidth of the transformer has been analyzed based on the premise that the inherent stray capacitance and leakage inductance elements would affect the power transfer characteristics of the transformer. It has been found that the dielectric thickness of a planar transformer can be optimized so as to maximize the frequency bandwidth. It is also shown that the bandwidth is found to be sensitive to the thickness of the dielectric beyond the optimum thickness threshold t opt . Convenient closed form analytic expressions for the optimum dielectric thickness and the resultant maximum bandwidth are derived and presented. It is argued that these results can be readily used to benefit the design of air-core PCB/Planar transformers.
INTRODUCTION
Planar transformers are a subset of planar magnetics technology, used widely as components in power electronics topologies. One of the first publications on this technology appeared in the year 1986 and was the work of Alexander Estrov [1] , which was later patented in 1991 [2] . These transformers are constructed by sandwiching layers of conductors, dielectrics and magnetic materials together [3] . The advantages of planar transformers are that the planar nature of the windings allow for more complex and efficient winding configurations, and also allows for excellent repeatability in manufacturing due to well defined geometry [4] [5] [6] . This characteristic allows parasitics to be intelligently controlled such that they have the least effect on the performance of the transformer. Furthermore, planar nature lends to low profile and better heat dissipation qualities [7] [8] [9] [10] .
Planar transformers often replace traditional transformers for operation frequencies higher than 100 kHz [11] and for power levels in the range of several kVA [12] . Many authors [5, 9, [13] [14] [15] cite these characteristics as main reasons to use planar transformers in switched-mode power supplies; the same has allowed authors to develop planar transformers for applications in aerospace [16] and consumer electronics [15, 17, 18] .
The need for compact and power-dense planar transformers poses a problem as it is not known how compact these transformers can be constructed.
Several articles [8, 19, 20] state that the bulk of research is focused on the modeling and optimizing of losses and leakage inductance, with little consideration for parasitic capacitance. This practice reflects in the design of planar transformers up to recent times as they have not seriously considered the crucial balance of parasitic capacitance and leakage inductance in the design stages. For example, a custom transformer core was designed [21] in order to achieve a record-worthy power density. In this case, there does not appear to be any motivation to optimally accommodate the electric (stray capacitor) and magnetic (leakage inductor) parasitics. In light of this, the question lingers as to whether a higher power-density could be achieved had the parasitics been optimized. Furthermore, it is also not evident what the immediate trade-off is between the high power-density and the bandwidth of the transformer.
Trade-off between leakage inductance, losses and stray capacitance has been investigated to some extent in [8] , and in [4] the authors define a 'figure-of-trouble' product LC as being the product of leakage inductance and parasitic capacitance, since both quantities are dependent on the dielectric thickness of the windings in an opposing manner. In both papers, the trade-off has not been thoroughly investigated within the context of bandwidth, leaving room for further research in this direction.
The general view is that both stray capacitance and leakage inductance have an impact on the 'cutoff frequency' and 'bandwidth' of the transformer respectively [4, [21] [22] [23] . However, the bandwidth is yet to be described as functions of these intrinsic electromagnetic parasitic elements. The bandwidth of a planar transformer should be an important design consideration as signals and power waveforms need to pass through the structure undistorted, especially when excited by square-wave sources [24] due to the harmonics.
Currently, the dielectric thickness appears to be chosen based on what is readily available, as long as it does not undergo dielectric breakdown. Examples of standard thicknesses for dielectrics are 0.4 mm, 0.8 mm and 1.6 mm [23] . However, the dielectric thickness is known to have a direct impact on the electromagnetic parasitics (stray capacitance and leakage inductance) within the transformer, which is in turn thought to impact on the transformer's bandwidth. It is therefore necessary to choose the dielectric thickness in a optimum manner if bandwidth is important to the application. This paper is meant to provide a direction in this regard by finding the optimum dielectric thickness so as to provide the best possible bandwidth for a given application.
It is reasoned that once the optimum dielectric thickness is found, it will lead to the optimum values of stray capacitance and leakage inductance. The added benefit could potentially be a marginal increase in power-density due to the choice of optimum dielectric thickness. Much research has been done to optimize the performance of the planar transformer by merely looking at losses and non-linear frequency dependent material characteristics. This indicates that the optimization of the discussed electromagnetic parasitics is often ignored. Based on this observation, this paper will approach the problem from a different direction, wherein the transformer performance is evaluated solely based on electromagnetic interactions and not losses due to imperfect materials.
THE PLANAR TRANSFORMER MODEL
There are two levels of modeling in this paper -the model of the parasitics and the model of the electrical equivalent circuit; both of these are developed based on analysis of the electric and magnetic field distributions within the transformer structure.
Due to the assumptions and constraints that follow, the model and the resulting contribution are best validated through full three-dimensional electromagnetic simulations of the planar transformer structure, where such reasonable conditions can be imposed or controlled. 'FEKO' electromagnetic simulation software [25] is used, configured to use the 'Surface Equivalent Principle' and automatic mesh density selection.
The following constraints and assumptions are made:
(i) Although planar transformers come in various shapes, a rectangular form is assumed for this work. The results should hold true for all shapes in general, as long as the electrical model remains the same.
(ii) The analysis is restricted to non-interleaved planar transformers. All layers of the windings are assumed to have an equal number of turns. All dielectric layers are assumed to be of equal thickness. The dielectric thickness is considered to be generally much larger than the conductor thickness. (iii) All losses are ignored, as they have been examined in great detail in literature. Inclusion of these effects would obscure the interactions between the leakage inductance and the stray capacitance, and would defeat the purpose of the analysis as the theoretical bandwidth limit is to be found. Materials are considered to be ideal, implying that there are no frequency dependent dielectric or magnetic effects. Dielectric breakdown is not explicitly considered. (iv) Stray capacitance coupling to the environment is ignored as the determination of these capacitances is complicated due to the unpredictable nature of the environment in practice. As a consequence, common-mode currents are ignored. This implies that the potentials on the secondary side of the transformer do not rise to arbitrary values.
These constraints and assumptions ensure that any results derived from the model are based only on the electromagnetic parasitic elements of the model, that arise intrinsically due to the geometry of the transformer.
The dimensions of the dielectric layer and the magnetic core mentioned throughout the paper are illustrated in Fig. 1 and Fig. 2 respectively. A list of important symbols used throughout the paper is given in Table 1 . 
Parasitic Capacitance
The parasitic capacitances arise due to the electric field energy stored inside the dielectric layers of each primary and secondary winding (self capacitance), and due to the energy stored between the primary and secondary winding (coupling capacitance).
The voltage distribution within a winding is analyzed to derive the self capacitance expression. A 4-layer winding is simulated in FEKO, and the simulated voltage distribution is shown in Fig. 3 . The integral of the electric field within the winding volume is given as Eq. (1a) with an applied voltage V a . Using the expression for energy stored in a capacitor, the self capacitance C x is given as Eq. (1b).
The gradients of the voltage distribution within the primary and secondary windings are found to be the same due to Faraday's law. The coupling capacitance is thus found to be a simple parallel plate capacitance as given as Eq. (2).
Turn length l (m) 
Leakage Inductance
Conventionally, the leakage inductance of the planar transformer is calculated based on the magnetic field energy stored inside the dielectric volume and the conductor volume. However, it has been shown in [25] that the leakage magnetic energy within the conductors decreases with frequency due to skin effect and becomes negligible at high frequency. The leakage energy within the conductor further becomes negligible when an infinitesimally thin conductor is assumed. For simplicity sake, a frequency-independent model of leakage inductance is used in the planar transformer model. Magnetic leakage energy storage within the conductors is thus ignored. Furthermore, it can be argued that these simplifications result in the minimal value for leakage inductance, which is expected to present an upper-bound for the theoretical bandwidth. The leakage inductance of planar transformers can be calculated based on the energy storage of the H-field in the winding volume. As the H-field only varies in the vertical direction, the integral can be written as a function of vertical displacement x as follows.
The H-field generated per layer can be given as Eq. (4).
The leakage magnetic field pattern of a 2 : 6 transformer is found using FEKO simulation and plotted in Fig. 4 . It may be noted that the conductors are assumed to be much thinner than the dielectric thickness). The integral of the H field can be written as Eq. (5a), based on the resulting H-field pattern. Using Eq. (3) the leakage inductance is then found as Eq. (5b). 
The Equivalent Electrical Circuit Model
The circuit model shown in Fig. 5 is proposed, as other circuit models found in literature [8, 12, 14, [26] [27] [28] use a magnetizing inductance approach that is unable to model the resonance mechanism between the secondary winding inductance and secondary self-capacitance, which is critical to analytically determine their impact on bandwidth. The non-ideal coupling behavior is captured by the inclusion of a leakage inductance element. Furthermore, the placement of the leakage inductance is disputed in literature; through trial and error, it was found that the placement of the leakage inductor in the position illustrated in Fig. 5 best matches the simulation results, and is thus found to be a more accurate description of the transformer model. The circuit was simulated in NgSpice, and three-dimensional electromagnetic simulations were conducted in FEKO to validate the proposed electrical circuit model. The dimensions of an E64/PLT core [29] were used for simulation. The FEKO models were created and were set up such that the conductors were infinitesimally thin, and all losses such as core and dielectric losses are ignored; the materials used in the simulation were given ideal characteristics.
The specifications of the transformer simulated in FEKO are summarized in Table 2 . The values of the parasitics and the winding inductances arising from the provided specifications are presented in Table 3 . The simulation was done only within the frequency range where the bandwidth is expected,
Proposed electrically equivalent circuit model of a planar transformer shown inside the dashed box. Table 3 . Values of elements in the equivalent circuit models of the planar transformer, derived using dimensions in Table 2 .
Turns Ratio Figure 6 . Comparison of power response in the frequency domain of proposed circuit model against FEKO simulation, using specifications given in Table 2 and Table 3 . to reduce the requirement of large computational resources. The secondary side of the circuit and the FEKO simulation model were both loaded with a load R L of 50 ohms for demonstration purpose. The power response of the circuit model simulated using NgSpice is then compared to FEKO simulations in Fig. 6 . It may be noted that converging load and source power only represents approximate unity power factor and not unity efficiency. Inspection of these results show that the circuit model adequately matches the planar transformer's frequency response as it is able to capture the early resonance-like knee-points accurately.
POWER BANDWIDTH OF THE PLANAR TRANSFORMER
The power bandwidth of the planar transformer shall be defined as the frequency beyond which the transformer's power output does not remain constant. More specifically, it is the frequency where the transformer turns ratio is not followed by the currents and voltages, resulting in the fundamental function of the transformer failing. The bandwidth of the transformer is thus the 'knee-points' indicated in Fig. 6(a) and Fig. 6(b) . It can be seen that beyond the knee-points, the load voltage does not remain constant.
The electromagnetic parasitics L k , C k , C 1 & C 2 can be rewritten as functions of dielectric thickness t with parasitic coefficients denoted with a subscript 'c'. These expressions, Eqs. (6a)-(6d), have been derived previously in Section 2.1 and Section 2.2.
With all the relevant parasitics analytically described, the circuit model presented in Fig. 5 can be analyzed using available circuit analysis techniques. In this case, mesh analysis was used to derive expressions for the currents and voltages within the circuit model in the frequency domain. The load current was then used to derive the expression for the load power as a function of frequency. Due to the load power expression being unwieldy, an approximation of the load power denominator expression given in (A3) in Appendix A. This expression can be rewritten by substituting the parasitics as functions of dielectric thickness and parasitic coefficients, as described in Eqs. (6a), (6b), (6c) & (6d). This rewritten denominator expression given in (A4a) is used to find the frequency poles of the load power expression as given in Eq. (A4b) in Appendix A, which give the exact location of the bandwidth of the structure as a function of dielectric thickness.
DIELECTRIC THICKNESS OPTIMIZATION
The bandwidth of the structure has been analytically derived as a function of dielectric thickness in the previous section. The general effect of dielectric thickness on the bandwidth is shown in Fig. 7 for arbitrary values of parasitic coefficients. From inspection of these plots, the optimum dielectric thickness value can be said to be the value of the dielectric thickness that results in the highest bandwidth. Thus, the choice of optimum thickness results in maximum bandwidth for a given set of parasitic coefficients. The optimum thickness is derived in Appendix B.
Inspection of Fig. 7 shows that there seems to be a sharp transition where the bandwidth no longer appears to be a function of dielectric thickness. However, the transition is magnified in effect due to the use of the log-scale for the plot. Furthermore, a deeper analysis of the expression (A4a) in Appendix B reveals that the bandwidth function is made up of terms that are products of dielectric thickness together with terms that contain just the parasitic coefficients described in Section 3 (these terms do not contain the thickness variable, thus remain constant in magnitude). Below some optimum thickness value (t opt , in Fig. 7) , the terms that are products of dielectric thickness get too small compared to the magnitude of the terms containing the parasitic coefficients, resulting in negligible overall effect on the bandwidth. It may be noted that the winding inductance also appears to have some influence on the optimum dielectric thickness and the maximum bandwidth. This influence can be seen from inspection of the plots presented in Fig. 8 , where the optimum dielectric thickness value, the resultant leakage inductance L k and the maximum bandwidth are thus plotted as a function of primary winding inductance L 1 in Fig. 8 . It should be noted that the leakage inductance plot in Fig. 8(b) is calculated using the optimum dielectric thickness values presented in Fig. 8(a) .
It can be seen from this plot that the primary winding inductance stops having an influence on the optimum dielectric thickness and bandwidth beyond a certain winding inductance value. This value is given as L min in Eq. (7) (derivation shown in Appendix B). Far beyond L min , the optimum dielectric thickness and the maximum bandwidth converge to their asymptote values t opt & f max , given in Eq. (8a) and Eq. (8b).
t opt = lim
Given that the core is designed such that the winding inductance is much greater than L min , the t opt expression can be used to conveniently choose the optimum dielectric thickness. This ensures that the resulting bandwidth will be the largest possible for a given planar transformer configuration.
It should also be noted that the primary winding inductance L 1 must be greater than or equal to L min , as a winding inductance below this value gives an optimum thickness that results in a leakage inductance value that is theoretically greater than the winding inductance. Although this is possible in a circuit model from which these expressions have been derived, it is physically unrealizable. This physically non-realizable region is shaded as shown in Fig. 8 . Maximum theoretical bandwidth cannot be guaranteed by forcing the resultant dielectric optimum thickness value, as the mathematical circuit model then starts to depart from reality.
It could be argued based on Fig. 7 that the smallest available dielectric thickness could be used in most cases. However, this is not a good design procedure as the lower limit for the dielectric thickness is essentially based on the dielectric breakdown. Furthermore, without knowing the optimum thickness value, there is no way to know that the transformer is designed for maximum bandwidth. It may also be that the optimum dielectric thickness is not sufficient to prevent dielectric breakdown in certain cases, when a large voltage is applied across the windings. One way to overcome this is to redesign the transformer parameters in (8a) such that the resulting optimum thickness is above the threshold for dielectric breakdown. Of course, another option is to choose a more resilient dielectric material.
DESIGN EXAMPLE
A 4 : 1 low power, high frequency transformer is designed as an example to show the benefits of optimizing the bandwidth and dielectric thickness. The specifications of the transformer are given in Table 4 . 
Core & Winding Dimension Design
The minimum cross sectional area for the magnetic flux to avoid flux saturation is given as Eq. (9).
The dielectric layer must then accommodate for this area by selection of either l c or l w (illustrated in Fig. 1 ) such that the product is equal to A φ as given by Eq. (9); l c or l w should be less than A φ to maintain planar form.
The width of the core window b w can then be chosen, after which the dimensions of the dielectric layer D l & D w can be calculated as given in Eqs. (10a) & (10b) .
The primary winding inductance is thus calculated using Eq. (11).
Optimum Thickness and Discussion
The specifications have led to the optimized transformer design with parameters specified in Table 5 (the blanks represent values that are unchanged). The values in the table were calculated based on expressions shown in Section 5.1, Section 4 and Section 2. The power transfer characteristics in the frequency domain for the optimized transformer are presented in Fig. 9(a) . The effect of dielectric thickness on the bandwidth is presented in Fig. 9(b) for the designed winding inductance value. A dielectric thickness of 0.4 mm is chosen as an example of a standard thickness. Table 5 . Transformer design parameters.
It can be seen in the design example from Fig. 9 (b) & Table 5 that the bandwidth is optimized when an optimum dielectric thickness of 0.156 mm is used. An approximate 389% improvement in bandwidth is found compared to when a standard thickness of 0.4 mm is used. It should be observed from Fig. 9(b) that the bandwidth is sensitive to the change in dielectric thickness value above a certain optimum threshold, which is t opt . However, it can also be seen that the optimum thickness in this case is merely the maximum thickness that should be used, as using a thickness less than the optimum thickness does not significantly affect the bandwidth.
It may be noted that the lower limit for the choice of dielectric thickness depends on the breakdown of the dielectric material. In cases where the optimum thickness is lower than the thickness needed to prevent the dielectric breakdown of the material, a better dielectric material may be used, if the primary goal is to maintain high bandwidth.
It can be seen from Table 5 that the designed primary winding inductance is greater than L min . This indicates that the optimization of the dielectric thickness ensures the highest possible bandwidth for the given parameters such as the turns ratio, load resistance, track width and track length. Of course the winding inductance can be constructed to be lower than L min given the same parameters. However, if this is the case, maximized bandwidth cannot be guaranteed even if the optimum dielectric thickness is chosen.
Inspection of the frequency characteristics of the structure shown in Fig. 9(a) shows that the practical operational bandwidth of the transformer starts at 1 MHz and ends at 285 MHz. The lower end of the frequency bandwidth is loosely based on the choice of switching frequency chosen in the initial design process. The improvement of bandwidth would allow for more harmonics of the switching waveform to be passed through the transformer undistorted. Furthermore, from Table 5 it is found that the self capacitance of the secondary winding is considered zero. It is in fact a non-zero value, given that there exist some capacitance between the terminals of each winding layer. However, this capacitance is relatively much smaller than the coupling capacitance C k and can thus be considered negligible.
IMMEDIATE DIRECT APPLICATION
This work has presented a minimum primary winding inductance L min to guarantee maximum theoretical bandwidth for a chosen optimum thickness t opt . Air-core transformers are very similar to planar transformers; their structures are similar with the only difference being the lack of a ferrite core. Hence, it can be argued that air-core transformers [30, 31] will benefit most from this optimization process as there is now a lower limit for the winding inductance. Furthermore, air-core transformers tend to have a higher bandwidth (possibly approaching theoretical bandwidth) due to the absence of non-linear ferrite losses that could potentially limit the bandwidth.
CONCLUSION
The bandwidth of the transformer (as was defined in Section 3) has been described analytically as functions of the intrinsic electromagnetic parasitics (stray capacitance and leakage inductance), which are functions of dielectric thickness. The optimum dielectric thickness was then analytically derived by analyzing its influence on the bandwidth of the transformer. This paper has shown that the dielectric thickness of a planar transformer windings can be optimized such that the theoretical bandwidth limit of the transformer is maximized. It has also shown that the bandwidth is very sensitive to the dielectric thickness beyond a certain threshold t opt .
It has been shown using a design example that optimization of dielectric thickness results in a theoretical bandwidth improvement of approximately 389% compared to the use of a standard dielectric thickness of 0.4 mm.
It can be argued that planar transformers with various different physical winding arrangements can be described using the equivalent circuit model presented in this paper, though the calculations of the elements within the model might slightly vary. However the principles of evaluating the elements remain the same. Furthermore, it is should also be noted that the solutions for the optimum dielectric thickness and maximum bandwidth are only unique to the circuit model from which they are derived. Similar solutions can be derived from other circuit models, and are expected to be numerically approximate to the ones in this paper. This is true as long as the same bandwidth definition discussed in this paper is used, and the frequency characteristics of the alternate circuit models are accurate.
It is expected that practical bandwidth should at best approach the theoretical bandwidth, due to the known non-ideal nature of reality. These results can thus aid in planar transformer design by circumventing the requirements of large computational resources for iterative three-dimensional FEM simulations. Furthermore, it is argued that these results are directly applicable to aid the design process air-core transformers for high bandwidth applications.
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APPENDIX A. MESH CIRCUIT AND BANDWIDTH DERIVATION
The circuit from which the relevant expressions are derived is given in Fig. A1 . The sources V m1 and V m2 are mutual voltages induced by winding inductances L 2 and L 1 respectively. V s is assumed to be 1 V. All following expressions are derived from analysis of the mesh equations of the equivalent circuit, shown in Eq. (A1).
The load power expression of the transformer circuit model is given in Eq. (A2c). The poles of the load power expression can be found by solving for ω of Eq. (A2b); the roots of the 4th order expression Figure A1 . Transformer equivalent circuit model showing mesh current loops.
are unwieldy to find. An approximation of the denominator expression is thus used; this expression is given in Eq. (A3). It may be noted that all expressions are taken as absolute values as the load power dissipated is referred to the secondary side of the transformer.
The coefficients of ω in Eq. (A3) can be rewritten as functions of dielectric thickness t by defining the parasitics L k , C 1 , C 2 & C k as functions of t; the polynomial is then equated to zero to solve for roots of ω as given in Eq. (A4a). The coefficients are given in Eqs. 
APPENDIX B. OPTIMUM DIELECTRIC THICKNESS DERIVATION
The optimum dielectric thickness is derived by considering the discriminant of the bandwidth expression given in Eq. 
At this point, a few important substitutions are made in Eq. (B2), where a r is the turns ratio of the transformer.
The value of L min is found by solving for the knee-point of the plot shown in Fig. 8(a) 
